ABSTRACT Hydraulic vibration exciter (HVE) is an important basic equipment for modern industrial production and scientific experiments. However, when HVE is working, the inevitable alternating pressure in its hydraulic system could give rise to unreliable work of its pilot-operated relief valve (PRV). The present paper aims to determine the abnormal opening mechanism of the PRV under alternating pressure. In this work, a mathematical model of the PRV was presented and validated, and the essential reason for the abnormal opening of the valve was discovered. The influence of the characteristic parameters of alternating pressure on the abnormal opening was investigated. The results show that the characteristic parameters of alternating pressure, including the pressure gradient, pressure amplitude, and pressure valley value, have a significant influence on the abnormal opening of the valve. The abnormal opening can be significantly improved by decreasing the pressure gradient and pressure amplitude, and increasing the pressure valley value.
I. INTRODUCTION
Vibration technology, which has played a very important role in the national economy, is a basic technology with extensive application value [1] . As a key device for generating vibration, the hydraulic vibration exciter (HVE), which can be used not only as a vibration source for a shaking table but also as an excitation device for a vibration machine, has been widely used in scientific experiments and industrial production, such as vibration environment simulation [2] , [3] , rock drilling [4] and railway track tamping [5] . However, the alternating characteristics of working pressure in the HVE could give rise to unreliable work of its hydraulic system and components, especially the pilot-operated relief valve (PRV) which is an important protection component against overpressure. In our previous studies [6] , [7] , it has been found that the alternating pressure could cause the PRV to open abnormally. The so-called abnormal opening means that the main valve is periodically opened in the pressure range far below the opening pressure of the valve. However, The associate editor coordinating the review of this manuscript and approving it for publication was Tao Wang.
the mechanism of abnormal opening and the quantitative analysis of alternating pressure were not involved. Moreover, energy-saving technology is a trend in the development of hydraulic products [8] , [9] . However, it is clear that the flow rate drained from the valve during the abnormal opening process promotes energy consumption. In addition, this high frequency opening increases the wear between the main spool and the valve body, which will shorten the life of the PRV [6] . Therefore, it is very important to study the abnormal opening mechanism of the PRV under alternating pressure.
In recent decades, there has been a lot of research on PRVs, which mainly focuses on three aspects including nonlinear modeling, dynamic characteristics and special structures. Zung and Perng [10] presented a useful nonlinear model of the PRV. In their approach, model parameters can be easily obtained from the design dimensions of the valve. Lei et al. [11] proposed a new flow model of a poppet relief valve, in which a discharge coefficient function is obtained. Gad [12] reported a comprehensive nonlinear model in which three factors of nonlinearity for the PRV were proposed. Dasgupta and Watton [13] presented a nonlinear model of the PRV. The above studies reported various PRV models, which made an important contribution to understanding the nonlinearity of the PRV. Regarding the dynamic characteristics for the PRV, Shin [14] reported the dynamic characteristics and stability of the PRV, and believed that the structure parameters of the valve have an important influence on its performance. Dimitrov [15] , [16] observed that the main valve in the PRV was opened before the pilot valve, which is helpful for understanding the abnormal opening process involved in this paper. Motivated by the above observations, Hao et al. [6] studied the influence of some structural parameters in the PRV on its abnormal opening. Research on the PRV with special structures reported various innovative structures, such as a balanced-piston-type relief valve [17] , a relief valve which contains a one-way damper [18] , a relief valve with a compensation poppet [19] , and a relief valve in deep-sea environment [20] , [32] . These innovative structures are mainly to meet some special working conditions. For example, a PRV with a compensation poppet can decrease the steady-state pressure deviation by the poppet.
From the modeling point of view, the dynamic modeling methods for hydraulic valves mainly include transfer function method, state space method and Bondgraph approach. As a classical theoretical modeling approach, the transfer function method is widely used in the dynamic modeling for various hydraulic valves, such as pressure control valves [10] , [14] , [18] , [21] , poppet valves [22] and directional valves [23] , [24] . But it is only suitable for linear timeinvariant systems, and nonlinear systems usually need to be linearized. The state space method can describe complex nonlinear systems and is well known in hydraulic valve modeling. Through this approach, a mathematical model for a seawater hydraulic relief valve was proposed by Liu et al. [20] and Wu et al. [32] , a nonlinear model for a two-stage poppet valve was presented by Muller and Fales [25] , a dynamic model for a electrohydraulic servovalve was reported by Kim and Tsao [26] . Bondgraph technique is a method based on power flow [27] , [28] and is very popular in some commercial software for hydraulic simulation, such as AMESim package [29] . As mentioned above, considering the nonlinearity of the PRV, the state space method was used in this paper.
The present paper aims to determine the abnormal opening mechanism of the PRV. It focuses on the influence of the characteristic parameters of alternating pressure, including the pressure gradient, pressure amplitude, and pressure valley value, on the abnormal opening of the valve. The rest of the present paper is structured as follows. The model of the PRV is described in next section (Section II). Then Section III presents the validation of the mathematical model for the valve. As already mentioned, the main concern is the effects of alternating pressure on the abnormal opening of the PRV. These results are discussed in Section IV. Finally, the conclusions are drawn in Section V.
II. MODEL OF PRV
A. PHYSICAL MODEL OF PRV Figure 1 is a simplified representation of a PRV. It consists of a main spool, a main spring, a poppet, a pilot spring, a regulating thread, a valve cover and a valve body. As shown in Fig. 1(a) , when the working pressure is less than the opening pressure, both the main spool and the poppet are in the initial position, and the PRV is closed. When the working pressure exceeds the opening pressure, the poppet will move to the right, and the fluid will be discharged from the pilot valve through the damping orifice 1. The upper chamber pressure in the main valve is less than its inlet pressure because of the pressure drop caused by the damping orifice 1. When the force F p generated by the pressure difference is sufficient to move the main spool upward, the main valve will be opened and the fluid will be discharged from the main valve outlet, as shown in Fig. 1(b) . The forces on the main spool consist of the pressure force (F p ), the friction force (F R ) with viscous friction component and Coulomb friction component, the fluid flow force (F flow ), the spring force (F spring ) and the inertial force (F a ), as shown in Fig. 1(b) . The pressure force (F p ) consist of a force (F p0 ) caused by the pressure at the main valve inlet and a force (F p2 ) produced by its upper chamber pressure. The friction force (F R ) consists of a viscous friction component caused by the movement of the main spool and a Coulomb friction component generated by the radial force [30] . In this case, the Coulomb friction is too small to be considered, so only the viscous friction component is considered in the friction force (F R ). The fluid flow force (F flow ), which is proportional to the flow rate, is generated by internal flow. In this work, the flow rate discharged from the main valve outlet in one cycle is negligible, so the fluid flow force (F flow ) is ignored.
B. MATHEMATICAL MODEL FOR PRV
To establish the dynamic model of the PRV, the following assumptions for simplifying the basic equations were given [31] , [32] .
(1) The gravity of the main spool, poppet and all springs is not considered.
(2) The outlet pressure of the PRV is assumed to be atmospheric pressure.
(3) The leakage of the PRV is not considered. The basic flow rate equation for the valve can be described by
The force balance equations for the main spool are given by
where m 0 , x, and B 0 are the mass, displacement, and viscous damping coefficient of the main spool, respectively. x 0 is the pre-compression length of the main spring, k x is the main spring stiffness, p 0 and p 2 are the pressure at the inlet and upper chamber in the main valve, respectively. A 0 is the effective working area of the lower end of the main spool and A 2 is the effective working area of its upper end. The force balance equation for the poppet can be obtained by
where p 1 is the pressure at pilot valve inlet, A 3 is the crosssectional area of the orifice in pilot valve cover, B 1 , m 1 , and y are the viscous damping coefficient, mass, and displacement of the poppet, respectively. y 0 is the pre-compression length of the pilot spring, and k y is the pilot spring stiffness. The flow rate continuity equation for the pilot valve inlet is expressed as:
where q 1 is the flow rate passing through the damping orifice 1, V 1 is the volume of the pilot valve inlet, β is the fluid bulk modulus, q 2 is the flow rate passing through the damping orifice 2, and q 3 is the flow rate discharged from the pilot valve outlet. The flow rate continuity equation for the upper chamber in the main valve is
where V 2 is the upper chamber volume in the main valve. The flow rate continuity equation for the main valve inlet is given by
where q s is the flow rate passing through the main valve inlet, q 0 is the flow rate discharged from the main valve outlet, and V 0 is the volume of the main valve inlet, which contains the volume of the front chamber in the main valve, the volume of the internal channels in the hydraulic manifold for installation, and the volume of the connecting pipe. State variables are expressed as follows:
According to the above equations, the state space equation can be described as:Ẋ
Matrix A can be expressed detailedly in Equation 13 , as shown at the bottom of the next page. The elements in matrix A are calculated via the following equations 14-18. The other matrices can be calculated via the following equations 19-22.
The main parameters of the PRV and the fluid are presented in Table 1 .
III. VALIDATION ON THE CALCULATION RESULTS
The test rig and hydraulic scheme for the PRV are shown in Fig. 2 . It consists of a hydraulic pump, a flow meter, a pressure sensor, a PRV, a solenoid valve, and a shutoff valve.
When operating experiments, the PRV (6) and the shutoff valve (5) were fully opened before starting the hydraulic pump (2), and the solenoid (7a) was de-energized. Then, the shutoff valve (5) was closed, the solenoid (7a) was energized, and the opening pressure of the PRV was set to 10 MPa when the hydraulic pump (2) was running. Finally, the solenoid (7a) was de-energized again. After the system reached a steady state, the solenoid (7a) was energized once more. Then, the main valve inlet pressure, which is a key reflection indicator of the dynamic response characteristics of the PRV, was collected by the pressure sensor (4). The results are shown in Fig. 3 . It can be observed from Fig. 3 that in the process of rising pressure, although the maximum relative error between the simulation data and the experimental results is −12.0%, their relative errors are substantially within ±7%. The maximum simulated pressure and experimental pressure are 10.7 MPa and 10.6 MPa, respectively, with a deviation of 0.9%. During the overflow period of the PRV, the simulated p 0 quickly approaches the steadystate value, whereas the experimental p 0 fluctuates around the steady-state pressure. This is mainly because the flow pulsation of the hydraulic pump is not considered in the simulation, whereas the experimental p 0 is affected by the flow pulsation of the pump, as shown in Fig. 4 .
The frequency equation for the flow pulsation of the hydraulic pump can be obtained by [33] , [34] where k is the frequency number, n is the rotational speed of the hydraulic pump, z is the number of pistons in the pump. In this case, k, z, and n are 1, 9, 1490 r/min, respectively. Therefore, the theoretical frequency of pressure pulsation is 223.5 Hz, which is very close to the experimental value of 223.4 Hz. The experimental pressure energy is mainly distributed at the fundamental frequency of the pressure pulsation (223.4 Hz), its second harmonic (448.2 Hz), and the second harmonic of the pump's rotational frequency (50.4 Hz), as shown in Fig. 4 . Because the amplitude of the pressure pulsation is very small, the relative error between the simulated p 0 and the experimental p 0 is within ±5%. As mentioned above, the simulated data are in good agreement with the measurement results and the relative error is in an acceptable range. Therefore, it can be concluded that the mathematical model for the PRV is scientific and reasonable.
IV. RESULTS AND DISCUSSIONS
According to the abnormal opening phenomenon described in the introduction, the poppet does not move during this process. Therefore, the opening pressure of the pilot valve was assumed to be infinite in the calculations of the abnormal opening. In addition, the maximum displacement of the main spool (x max ) was used to describe the abnormal opening of the valve.
A. ESSENTIAL REASON FOR ABNORMAL OPENING
It was assumed that the main valve inlet pressure (p 0 ) alternates in the form of a square wave with an amplitude of 2 MPa and a valley value of 2 MPa. Figure 5 shows the displacement of both the main spool and the poppet under alternating pressure. As can be seen, during the rising period of p 0 , the poppet is the same as expected and without movement, but the main valve is periodically opened with a maximum opening displacement of 42.6 um. It indicates that although the maximum value of p 0 is much lower than the opening pressure, the main valve cannot fulfill the closing requirement and the abnormal opening occurs. This is because the alternating pressure breaks the original equilibrium state of the forces on the main spool. Figure 6 shows the upper chamber pressure (p 2 ) and the main valve inlet pressure, respectively. Compared with p 0 , the time for p 2 to increase from 2 MPa to 4 MPa is 0.084 ms later and the peak time for p 2 is 0.134 ms later. The maximum pressure difference ( p 02 ) is 2 MPa, which is enough to open the main valve. Therefore, the essential reason for the abnormal opening is that the rate of pressure rise in the upper chamber is less than the one in the main valve inlet and the force generated by their pressure difference can move the spool upward.
However, the change in pressure takes time, and the actual p 0 cannot be changed in the form of a square wave. Therefore, it is more reasonable to assume that p 0 varies in the form of a triangular wave, as shown in Fig. 7 , where p k , p m , and p v are the pressure gradient, pressure amplitude and pressure valley value, respectively. These three parameters are also the basic characteristic parameters of alternating pressure, so it is necessary to further investigate their effects on the abnormal opening.
B. INFLUENCE OF PRESSURE GRADIENT
The pressure gradient, which determines the amount of variation in pressure amplitude per unit time, is an important parameter for alternating pressure. When the pressure amplitude (p m ) is 4 MPa and the pressure valley value (p v ) is 2 MPa, the effect of different pressure gradients (p k ) on the abnormal opening of the PRV is shown in Fig. 8 , where Fig. 8(a) is the displacement curve of the main spool and Fig. 8(b) is the variation in the maximum displacement of the main spool (x max ) with increasing p k . As can be seen, when p k is less than 1.0 MPa/ms, the valve will not open abnormally. When p k is greater than 1.0 MPa/ms, x max monotonously increases with p k and tends to converge.
The reason is that an increase in p k , which means that the build-up time ( t) for p 0 is significantly shortened, will induce a significant decrease in the amount of fluid flowing into the upper chamber during the shortened t. It will induce a significant decrease in p 2 and cause the pressure difference ( p 02 ) to increase, as shown in Fig. 9 . The increased p 02 will promote a significant increase in the abnormal opening displacement. As described above, the variation in p 2 has an important influence on the abnormal opening of the PRV, and further analysis of p 2 is necessary. It can be known from Equation 8 that the variation in p 2 consists of two parts: one part caused by the amount of the fluid in the upper chamber is named p 2q , and the other caused by the variation in the upper chamber volume is called p 2x , as shown in Equation 24 . Figure 10 shows the contribution ratios of p 2q and p 2x to the increase of p 2 under different pressure gradients (p k ). As can be seen, when p k 1 MPa/ms, p 2q and p 2x account for 100% and 0, respectively. Therefore, it can be concluded that the establishment of p 2 is entirely contributed by the fluid flowing into the upper chamber through the damping orifice 2, which indicates that the main valve is not opened. When p k > 1 MPa/ms, the contribution ratio of p 2q to increasing p 2 decreases with the increase of p k , which indicates that the amount of fluid flowing into the upper chamber will be reduced. Therefore, the establishment of p 2 is mainly caused by a decrease in the upper chamber volume which induced by the upward movement of the main spool. It further confirms the above conclusion that the abnormal opening displacement significantly increases with the increase of the pressure gradient. Figure 11 shows the main spool displacement at different pressure amplitudes, where Fig. 11(a) is the displacement curve of the main spool, and Fig. 11(b) is the variation in the maximum displacement of the main spool (x max ) with increasing p m . It can be observed that x max increases approximately linearly with p m . This is because of the valve structure, which causes the variation in the upper chamber pressure to lag behind the variation in the main valve inlet pressure. Similarly, when the amplitude p m of the main valve inlet pressure increases, the amplitude of the upper chamber pressure will be less than p m . Therefore, as p m increases, the pressure difference ( p 02 ) between the upper and lower chambers will increase, as shown in Fig. 12 . Moreover, when the pressure gradient is the same, the pressure amplitude determines the time during which the main valve inlet pressure rises. As described above, an increase in the pressure amplitude means not only an increase in p 02 but also an increase in the time during which the pressure difference acts. Therefore, the abnormal opening displacement increases significantly as the pressure amplitude enlarges. Figure 13 shows the ratios of p 2q and p 2x in p 2 at different pressure amplitudes, respectively. As can be seen, although the pressure amplitude increases, both the ratios of p 2q and p 2x have little change, and are approximately 20% and 80%, respectively. However, according to the above analysis, the enlarged pressure amplitude must cause a significant increase VOLUME 7, 2019 in the amount of fluid flowing into the upper chamber, which will increase p 2q . It indicates that with the increased pressure amplitude, p 2x , another part in p 2 , will also increase significantly to maintain its ratio approximately constant. Therefore, it also confirms the above conclusion that the abnormal opening displacement increases remarkably as the pressure amplitude enlarges. Figure 14 shows the main spool displacement at different pressure valley values, where Fig. 14(a) is the displacement curve of the main spool, and Fig. 14(b) is the variation in the maximum displacement of the main spool (x max ) with increasing p v . As can be seen, as the pressure valley value increases, the maximum opening displacement decreases approximately linearly.
C. INFLUENCE OF PRESSURE AMPLITUDE

D. INFLUENCE OF PRESSURE VALLEY VALUE
The reason can be found from the average force, F pav , exerted by the pressure difference ( p 02 ) acting on the main spool. It is assumed that when p 0 is increased by p m from p v , p 2 is increased by p 2m . Therefore, the force F pav can be described as follows:
In the equation:
As the area ratio (λ) is typically greater than 1, the enlarged p v will cause F pav to decrease, thereby reducing the abnormal opening of the PRV. Moreover, the declined x max will cause a decrease in the pressure increment p 2m . Therefore, as p v increases, F pav will decrease with a slight acceleration trend, as shown in Fig. 15 . Figure 16 shows the contribution ratios of p 2q and p 2x to the increase of p 2 during a rising period of alternating pressure at different pressure valley values. It can be seen that as the pressure valley value increases, the ratio of p 2q induced by the variation in the amount of fluid flowing into the upper chamber gradually increases, and the ratio of p 2x caused by the variation in the upper chamber volume gradually declines. It also indicates that the abnormal opening decreases with increasing pressure valley value.
V. CONCLUSION
A mathematical model for predicting the abnormal opening characteristics of the PRV under alternating pressure was presented and validated in this paper. The essential reason for the abnormal opening was discovered. The pressure-building mechanism of the upper chamber in the main valve was deeply investigated from its two components: p 2q and p 2x . The influence of the characteristic parameters of the alternating pressure on the abnormal opening was determined. The main conclusions are as follows:
(1) The essential reason for the abnormal opening of the PRV is that the upper chamber pressure lags behind the main valve inlet pressure when the latter alternates, and the force generated by their pressure difference ( p 02 ) breaks the original equilibrium state of the forces on the main spool.
(2) The characteristic parameters of alternating pressure (p k , p m , and p v ) have a significant influence on the abnormal opening of the valve. The abnormal opening can be significantly improved by decreasing the pressure gradient and pressure amplitude, and increasing the pressure valley value.
(3) The calculation model and results can be used as an effective guide to suppress the abnormal opening of the PRV in HVEs. For example, from an engineering point of view, increasing the return pressure of the hydraulic system in the HVE, which means that the pressure valley value is promoted, can effectively improve the abnormal opening of the PRV. His research interests include electro-hydraulic control for mobile machinery and energy saving in hydraulic systems.
